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In the past five years, single-particle cryo-electron microscopy (cryo-EM) has 
revolutionized structural biology. Recent advances in detector technology and powerful 
computational methods now allow images of unprecedented detail to be recorded and structures 
to be determined at near-atomic resolution. For my PhD studies, I took advantage of this 
technique to study the structure of uniquely fragmented ribosomes.  
Ribosomes, are large macromolecular complexes that translate genetic information 
carried by messenger RNAs (mRNAs) into polypeptide chains. They are the protein production 
factories of all living cells and are thus involved in virtually all aspects of cellular development 
and maintenance. By virtue of their core role in the cell, ribosomes share a highly evolutionarily 
conserved core that carries out the fundamental processes of protein synthesis [1]. However, 
outside of this core, ribosome composition varies considerably. The main differences among 
eukaryotic ribosomes are due to ribosomal RNA (rRNA) expansion segments (ESs) and 
variations of ribosomal proteins (r-proteins) [1, 2]. Further, rRNA fragmentation occurring in 
regions of high variability has been reported in several organisms from bacteria to protozoa, 
insects, helminths, fish, and surprisingly mammals [3-15]. Recently, the naked mole-rat 
(Heterocephalus glaber) was discovered to have unusual cleavage sites in its 28S rRNA 
resulting in the deletion of the major part of the D6 variable region (ES15L) and leaving the two 
 
 
rRNA fragments disconnected [14]. The cleaved 28S rRNA has been associated with the naked 
mole rat’s increased translational fidelity [14]. The only other known mammals having 
fragmented rRNA are the tuco-tuco rodent (of the genus Ctenomys) and the degu (in the related 
genus Octodontomys) [13]. Here we present the high-resolution structures of the naked mole-rat, 
tuco-tuco, and guinea pig (Cavia porcellus) ribosomes. Guinea pig, which has canonical (non-
fragmented) 28S rRNA is used as a rodent model for comparisons to the naked mole-rat and 
tuco-tuco ribosomes.  
 During my PhD studies, I also looked at another uniquely fragmented ribosome, that of 
the protozoan parasite, Trypanosoma cruzi (T. cruzi), the causative agent of Chagas disease. The 
T. cruzi large subunit rRNA is assembled from 8 pieces-5S, 5.8S, and six pieces forming jointly 
the 28S rRNA. Together with my colleagues from Joachim Frank’s and Liang Tong’s research 
groups, we solved the structure of the T. Cruzi large subunit and identified distinctive 
trypanosome interactions, which allowed us to propose a tentative model for assembly of the  
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This thesis will present the methods and work carried out during my PhD studies, 
Chapter 1 addresses the basic principles of single-particle cryo-EM including recent 
technological advances in hardware and the software implemented in pre-processing and image-
processing pipelines. Chapter 2 provides an overview of the basic structure and functions of the 
ribosome. Chapter 3 presents and compares the high-resolution reconstructions of the naked 
mole-rat, tuco-tuco, and guinea pig ribosomes. Chapter 4 focuses on the reconstructions of two 
conformational states from the naked mole-rat ribosome dataset and provides an overview of the 
observed dynamics. The work presented in Chapters 3 and 4 remains to be finalized for 
publication. Atomic coordinates obtained from the naked mole-rat, tuco-tuco, and guinea pig 
ribosomes will be validated and deposited within two months of submission of this dissertation.   
For a complete record of my graduate work, Chapter 5 documents the published collaborative 
work, Structure and assembly model for the Trypanosoma cruzi 60S ribosomal subunit [16]. My 
contributions included the purification of the T. cruzi ribosome, structural analysis and 
interpretation, as well as making figures and writing the manuscript resulting in a co-first 
authorship [16, 17]. Chapter 6 documents a review article I coauthored, detailing cryo-EM 
procedures for high-resolution structure determination entitled, Determination of the ribosome 
structure to a resolution of 2.5 Å by single-particle cryo-EM [16, 17]. And Chapter 7 documents 
the book chapter, New Insights into Ribosome Structure and Function to which I contributed to 
the Parasitic Protozoan subsection for a Cold Spring Harbor Laboratory (CSHL) Translational 
Control publication [18].  
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Chapter 1: An introduction to cryo-electron microscopy and single-
particle reconstruction  
 
Structural biology is the study of the molecular structure and dynamics of biological 
macromolecules, allowing us to gain valuable insights into their function and roles in cellular 
processes. The main techniques (Figure 1) used in structural biology are x-ray crystallography 
(XRC), nuclear magnetic resonance (NMR), and cryo-electron microscopy (cryo-EM). XRC is 
an extremely powerful technique for determining the structure of individual proteins, for many 
years this has been the method of choice for structural studies. However XRC requires proteins 
to be crystalized which in many cases can be very difficult or impossible to achieve and may 
require considerable protein engineering and/or sample quantity to identify suitable conditions 
for crystallization. Further, crystal packing may lead to steric constraints, limiting the functional 
states that can be studied. NMR is a structural technique with the advantage of analyzing proteins 
in solution however large amounts of pure sample are needed to achieve a reasonable signal to 
noise level and only the structures of small proteins (~ 50 kDa) can typically be studied as it 
remains very difficult to interpret the NMR spectrum of large biomolecules.  
The term Cryo-EM can refer to three very different yet closely related techniques whose 
common principle is the imaging of radiation-sensitive specimens in a transmission electron 
microscope (TEM) under cryogenic conditions: electron crystallography, cryo-electron 
tomography (CET), and single-particle cryo-EM. Both CET and single-particle cryo-EM 
overcome the need for crystallization. CET can provide 3D reconstructions of organelles, cells, 
and macromolecules in situ. CET combined with subtomogram averaging (STA), which are 
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image processing methods similar to those used in single particle analysis (subjecting repetitive 
molecules from tomograms to averaging and classification), has become a very promising 
technique to bridge knowledge from molecules to cells. In parallel with improvements in cryo-
EM hardware and software, CET’s potential has improved vastly but few structures have been 
solved by CET with STA at resolutions better than 8Å, and there are still great margins for 
routine sample preparation as well as hardware and software improvements [19].  
Single-particle cryo-EM, a technique that has been developing for nearly 4 decades, has 
recently emerged as a leading method for elucidating macromolecular structures at near-atomic 
resolution. This includes structures of large macromolecular assemblies and membrane proteins 
which have been difficult to solve with traditional methods. In single-particle cryo-EM, 
macromolecules are applied to a grid and rapidly frozen in a thin vitreous ice layer at liquid 
nitrogen temperature. The grids are then imaged with a transmission electron microscope (TEM). 
Ideally, random views of particles from many angles are captured. However, images obtained 
from the TEM are noisy due to the low electron dose required to reduce radiation damage of the 
biological specimen within acceptable bounds; this results in images with a low signal-to-noise 
ratio (SNR). In addition, cryo-EM images also suffer from the effect of the microscope’s 
extended point-spread function (PSF) due to defects in the imaging system (see section 1.2.1 for 
a description of the PSF). Fortunately, thousands of images of identical particles can be averaged 
to improve the SNR and the effects of the PSF can be deconvoluted allowing correction of 
inherent TEM defects and the imaging conditions. This chapter provides an overview of single-





Figure 1. Overview of structural biology techniques and the objects they investigate. Joshua Hutchings and 
Giulia Zanetti Biochm. Soc. Trans. 
 
1.1 Specimen preparation for single-particle cryo-EM 
A single-particle cryo-EM experiment begins with a purified sample in aqueous solution 
that is applied to an EM grid. Grids are typically 3 mm in diameter and consist of a perforated 
amorphous carbon or “holey carbon” film supported by a metal frame. These holey carbon grids 
can be either home-made with irregular holes, or nanofabricated with a regular repeating array of 
circular holes to facilitate manual and automated EM data collection (e.g. Quantifoil grids from 
Quantifoil Micro Tools GmbH, and C-flat grids from Protochips Inc). After application of the 
sample, excessive solution is removed with filter paper under controlled environmental 
conditions (typically at 4°C and 100% humidity), then the grid is plunged rapidly into liquid 
ethane ( -180°C) precooled with liquid nitrogen ( -196°C) . This rapid freezing results in a thin 
layer of aqueous suspension frozen as amorphous ice, preserving the biological molecules in a 
native-like state without ice crystallization. The cryogenic temperature of the sample also 
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reduces the extent of radiation damage to the specimen during data collection. Ideally, the 
amorphous ice layer is sufficiently thick enough to preserve the integrity of the structure but thin 
enough so that the particles are still clearly visible. Particles should also be well distributed and 
adopt a wide range of orientations.  
 
 
Figure 2. Specimen preparation for single-particle cryo-EM. Aqueous sample solution is applied onto glow-
discharged (hydrophilic) holey carbon film. Excess solution is removed with filter paper. Blotted grid is rapidly 
plunged into a cryogen (ethane) pre-cooled at liquid nitrogen temperature. Biomolecules embedded in thin 
amorphous ice film are observed in cryo-electron microscope. Kazuyoshi Murata and Matthias Wolf Biochim. et 
Biophys. Acta. 
 
In practice, obtaining cryo-EM grids of sufficient quality for high-resolution single-
particle analysis may require the careful optimization of many variables. The first consideration 
is in the choice of support and film for the grid. A copper support with amorphous carbon film is 
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most commonly used as these grids are relatively inexpensive, conductive, and stable in the 
beam. However, these traditional grids (copper/carbon or sometimes gold/carbon) when cooled 
to liquid nitrogen temperature result in “cryo-crinkling” where the metal support shrinks more 
than the carbon film due to the different thermal expansion properties between the metal support 
and the film [20, 21]. Recently, alternative grid designs have been explored, such as replacing 
carbon film with graphene [22, 23], and replacing both grid support and carbon film with a single 
material, gold [21, 24]. Graphene or graphene oxide films have been successfully used to tune 
particle distribution of various specimens including ß-galactosidase particles [25]. While the use 
of an all-gold support prevents cryo-crinkling (maintaining rigidity/flatness), it also significantly 
reduces beam induced movement and image blurring movement compared to conventional 
carbon foil substrates [24, 26]. Although the problem of specimen movement during imaging had 
been known, the roles of the support and film on this movement could only be recently 
characterized, with the advent of direct electron detector cameras.  
Another critical step in the sample preparation stage is obtaining a thin, evenly distributed 
ice layer. The ice thickness should be as thin as possible to achieve high contrast between the 
particles and the surrounding ice layer while still thick enough to accommodate the particles. A 
sufficiently thin layer will also minimize defocus spread that arises from particles found at 
different heights in the ice layer. Key parameters that affect ice thickness are the blotting time 
and the subsequent time the grid is allowed to dry before it is plunge frozen. These parameters 
can be controlled with commercially available plungers, such as the Vitrobot (FEI) and Cryo-
plunge (Gatan). Typically a few grids are first prepared to screen for ice thickness and particle 
distribution on the microscope, a heuristic approach is then employed by the user to identify 
optimal parameters for data collection. Another factor that affects ice thickness is the 
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hydrophilicity of the support film, which can be optimized with glow-discharge parameters. To 
homogenize ice thickness and increase particle concentration, the grid may also be coated with 
an additional layer of thin amorphous carbon (~ 5 nm). For this, a strip of mica and grids are 
placed inside the bell jar of an evaporator apparatus with a carbon rod suspended above. The bell 
jar is then placed under vacuum and a voltage is applied across the carbon rod in order to 
evaporate and deposit a small amount of carbon onto the mica and grids. The carbon deposited 
onto the mica, which characteristically has a smooth surface, is then floated onto the grids in a 
water chamber apparatus. Once dry, carbon-coated grids undergo glow discharging, in which 
they are placed under vacuum and exposed to plasma—typically of hydrogen and oxygen—this 
removes contaminants from the surface of the grid that may impede its hydrophilicity. 
Hydrophilic grid surfaces allow the sample to evenly spread, whereas hydrophobic surfaces 
induce high-curvature droplets, resulting in undesirable and uneven sample thickness. Once the 
particle density and ice thickness/quality has been assessed and optimized a data collection can 
be performed.  
 
1.2 Imaging and data acquisition 
1.2.1 Image formation in the transmission electron microscope (TEM) 
 
A typical TEM consists of an electron source, a series of electromagnetic lenses, electron 
deflection coils, stigmator coils, and apertures all operating under high vacuum. For 
convenience, the TEM can be divided into four essential components- the illumination system, 
the objective lens/stage, the imaging system, and the image recording system. The illumination 
system comprises the electron source and condenser lenses operated in parallel beam mode. A 
widely used electron source in an EM is a field emission gun (FEG) with a tungsten crystal and 
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two anodes, the first anode provides the extraction voltage to pull electrons out of the tip of 
tungsten crystal and the second anode accelerates the electrons in the range of 100—300 
kilovolts (kV), this electron beam then emerges from the gun through the EM column. The 
emerging electron beam is condensed into a nearly parallel beam by the condenser lenses, 
situated below this are then the condenser lens apertures, which remove electrons with a large 
angular spread, improving beam coherence before reaching the specimen.  
Electrons in the beam that encounter the specimen may become scattered without loss of 
energy (elastic scattering), scattered with loss of energy (inelastic scattering), or they may pass 
through the specimen unimpeded (no interaction with an atom). Those electrons that are 
elastically scattered (by the Coulomb potential of the specimen) contain the high-resolution 
structural information. The objective lens then focuses the beam that comes through the sample 
and initially magnifies the image. The objective lens aperture, situated below the specimen, 
excludes widely scattered electrons thus increasing amplitude contrast of the final image. Below 
the objective lens/stage components, the intermediate and projector lens are found which are 
used to further magnify the image before the electrons arrive to the image recording system. The 
recorded EM images are effectively 2D projections or line integrals of the 3D Coulomb potential 
distribution of the specimen convoluted with the point-spread function (PSF) of the microscope. 
This convolution (Image = PSF * Object) mathematically describes the relationship between the 
specimen and its image where the PSF represents the blurring of a point source/object through 
the optical system. Blurring is a result of inherent TEM defects and the imaging conditions (i.e. 
lens aberrations). The PSF is not determined directly from the imaging system, instead the 
blurred image is used to estimate blur parameters (i.e. astigmatism and defocus). Estimation of 
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these parameters, which allows elimination of blurring and restoration of the image, is performed 
during the pre-processing steps (see section 1.3.2).  
 
 
Figure 3. Image formation in the TEM. Elena V. Orlova and Helen R. Saibil Chem. Rev. 
 
1.2.2 Electron beam-specimen interactions 
 
The image formed in the electron microscope is a result of the various electron-beam 
specimen interactions that occur (Figure 4). The majority of incident electrons pass through the 
specimen unimpeded as most matter is empty space. Of the interacting electrons, the vast 
majority are deflected by the electron cloud of a specimen’s atom at a specific scattering angle 
with no energy loss (elastic scattering). A small proportion of the electron beam may directly 
collide with electrons or the nucleus, resulting in energy loss or transfer of energy to the 
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specimen (inelastic scattering). Inelastically scattered electrons make no contribution to high-
resolution images. As for inelastic scattering events resulting in energy transfer, these may cause 
ionization of atoms, X-ray emission, chemical bond rearrangement, or induce secondary electron 
scattering, all of which result in changes to the specimen structure (radiation damage). In order to 
minimize this damage, a low electron dose is necessary for data collection; however, this results 
in images with very low signal-to-noise ratio (SNR), requiring many images of similar particles 
to be combined to determine the 3D reconstruction.  
 
 
Figure 4. Interactions of electrons with the specimen. Elena V. Orlova and Helen R. Saibil Chem. Rev. 
 
1.2.3 Phase contrast 
 
The electron waves passing through a specimen in the TEM are modulated in their 
amplitude and phase, resulting in amplitude contrast and phase contrast, respectively. Amplitude 
contrast arises primarily from removal, by the objective aperture, of electrons elastically 
scattered into wide angles (for high Z-number elements). Imaging of biomacromolecules and/or 
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thin biological specimens which are usually composed of low Z-number elements (e.g. C, H, N, 
and O) results in very low amplitude contrast. Contrast for such specimens (phase contrast) 
arises primarily from phase shifts exp(ij) of the elastically scattered electrons during their 
transition through the sample and is manifested by interference between the exit wave of these 
electrons and the transmitted unscattered electrons. In the weak-phase approximation, exp(ij) ~ 
1+ij, which is a wave shifted by !" relative to the unscattered wave. Observable phase contrast 
relies on the introduction of an additional phase shift (ideally +/-  !") [27]. Conventionally, this is 
achieved by defocusing the objective lens, whereby images are acquired slightly out of focus (-
1.0 μm to -3.0 μm). This approach (defocus phase contrast), however, results in a spatial 
frequency-dependent distortion or loss of information. Recently, phase plates (e.g. the Volta 
phase plate) have been developed, that introduce an additional phase shift to generate sufficient 
contrast and that allow imaging at (or close to) focus and thereby enable retaining the undistorted 
information across a wide band of spatial frequencies [28].  
The two contributors to phase contrast are the wave aberrations that occur due to 
objective lens imperfections (with the main component being spherical aberration) and the 
defocus at which an image is collected [27].  The way the information is transferred from object 
projection to image is expressed by the contrast transfer function (CTF).  For a given electron 
microscope with a given defocus setting the CTF describes the relationship between the Fourier 
transforms of the image contrast and projected object potential: 𝑻(𝒌) = 	−𝐬𝐢𝐧	[𝛑𝟐 𝑪𝒔𝝀𝟑𝒌𝟒 + 𝛑∆𝒇𝝀𝒌𝟐],        
Equation 1 
 where 𝑪𝒔 is spherical aberration coefficient (a value reflecting the quality of the 
objective lens), 𝝀  is the wave-length defined by accelerating voltage, ∆𝒇 is the defocus value, 
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and 𝒌 is the spatial frequency. The CTF thus describes the contrast in the image as a function of 
spatial frequency and accounts for aberrations in a TEM.  
Equation 1 above, represents the sine-type CTF for conventional TEM (defocus phase 
contrast) where low spatial frequency components are greatly suppressed, generating images 
with overall low contrast for a particle. Users must collect images at a range of defoci rather than 
at a single defocus value in order to obtain a complete complement of phase contrast information 
over a wide range of spatial frequencies. This allows recovery of phase contrast information at 
points where the CTF for a single defocus crosses the x-axis which occurs several times, 
representing zero information transfer. Collecting images at a whole range of defoci varies the x-
coordinates of these crossings, thus providing full converge of phase contrast information across 
the entire range of spatial frequencies (Figure 5).   
For phase plates, the CTF is a cosine-type function with enhanced contrast of low 
frequency components. From a theoretical point of view, imaging with a phase plate (e.g. Volta 
phase plate) at zero focus is ideal but has a few practical disadvantages- it requires very accurate 
focusing and is limited by the spherical aberration of the objective lens to ~3 Å [29]. Thus 
currently, a small amount of defocus is applied when imaging with phase plates to simplify the 
data acquisition (accuracy of focusing) and to solve the resolution limit issue (i.e. spherical 
aberration) by enabling CTF fitting and correction (as in defocus phase contrast, section 1.3.2).  
An ideal CTF would result in all of the information for all the components being 
transferred to the image; however in practice, the CTF is dampened for increasing spatial 
frequency by the loss of coherence resulting from chromatic aberrations, focal, and energy 
spread (temporal partial coherency) or from the finite source  size (spatial partial coherency). 
This results in a CTF function modified by envelope functions which can be represented as:  
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𝑻(𝒌)𝒆𝒇𝒇 = 𝑻(𝒌)𝑬𝒄𝑬𝒂,                 
Equation 2	
 where 𝑬𝒄 is the temporal partial coherency envelope function and 𝑬𝒂 is the spatial partial 
coherency envelope function. The effect of spatial partial coherency can be significantly reduced 
by a smaller illuminating aperture (condensor lens 3, or C3) found in dedicated high-resolution 
TEM. For example, the Titan Krios microscope has a three-condensor system, where C1 controls 
the spot size of the beam, C2 controls the beam intensity and C3 allows the convergence angle of 
the beam to be adjusted so that the specimen can be illuminated with a parallel beam. 
Furthermore, the effect of total beam tilt which introduces phase shift to the images can be 
completely eliminated by use of a spherical aberration (Cs) corrector, leaving only the partial 
temporal coherence contributing to dampening of the CTF [30]. Correction of the modified CTF 
is required to obtain the true image and is critical for high-resolution reconstruction.  
 
 
Figure 5. CTFs - 3 defocus settings. A range of defoci varies the location of zero crossings (marked with black 
box), thus providing full converge of phase contrast information across the entire range of spatial frequencies. 
Adapted from https://spider.wadsworth.org/spider_doc/spider/docs/techs/ctf/ctf.html 
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1.2.4 Lens aberrations 
 
In a perfect lens electrons that are parallel to the principle axis of the lens will converge 
at the focal point, F. However, electromagnetic lenses (e.g. the objective lens) bear several 
defects such as –spherical aberration, chromatic aberration, and astigmatism which limit 
microscope performance (Figure 6). Spherical aberration is most significant in defining the 
performance of the objective lens and is due to the dependence of the focal length on the distance 
of the ray from the optical axis. The further off-axis the electron beam is, the more strongly it is 
bent back toward the axis and results in the image of a point becoming a blurred disk. As 
expressed in equation 1, for T(k), underfocusing the lens can partially compensate the effect of 
this spherical aberration.  
Chromatic aberration arises from variations in the electrons energy (elastic scattering, 
voltage fluctuation, etc) and results in electrons of different wavelengths being focused closer or 
father way from the image. Axial astigmatism can be understood as an “unroundness” of the lens 
where the lens is stronger in one direction than the perpendicular direction, resulting in the image 
of a point becoming stretched or the shape of an ellipse. Fortunately, axial astigmatism can be 
compensated with special corrector elements (stigmators) that are present in both the 





Figure 6. Ray diagrams showing aberrations in lenses. (A) Example of a perfect lens (B) Spherical (C) 
Chromatic and (D) Astigmatic aberrations. Elena V. Orlova and Helen R. Saibil Chem. Rev.  
 
1.2.5 Projection slice-theorem 
 
Several methods are available to determine the 3D reconstruction from its 2D projection 
images [27], independent of whether the reconstruction is performed in real space or Fourier 
space, the projection slice-theorem is fundamental to all 3D reconstruction algorithms. The 
theorem states that in Fourier space, each 2D projection image represents a central slice of the 
3D Fourier transform of the object. It follows from the theorem that one can obtain a 
reconstruction by a 3D inverse Fourier transform from the Fourier domain which is filled by the 




Figure 7. Projection slice theorem and its use in 3D reconstruction. Joachim Frank Three-dimensional electron 
microscopy of macromolecular assemblies: visualization of biological molecules in their native state. 2006, New 




Recent advances in single-particle cryo-EM were largely facilitated by direct electron 
detector devices (DDD) which have significantly higher detective quantum efficiency (DQE) at 
high frequency compared to previous recording devices. The DQE is defined by the ratio of the 
squared output SNR to the squared input SNR of the imaging detector, thus it describes how 




Figure 8. Measured DQE as a function of spatial frequency for detectors. The DQE is the ratio of input to 
output SNR, where a DQE of unity (DQE=1) implies a perfect detector adding no noise. Recent direct detector 
devices have nearly doubled the low-resolution DQE and have significantly higher DQE at high frequency. G. 
McMullan et al. 2014 Ultramicroscopy.  
 
Traditionally, cryo-EM images of biological molecules were recorded on photographic 
film or charge-coupled devices in a given exposure time. Photographic film is comprised of an 
emulsion containing microscopic sized grains of light-sensitive silver halide crystals, which can 
absorb electrons and be subsequently ionized forming a latent image. This recorded image can 
then be chemically developed, making it visible to the eye and ready for further digitization. 
Film has the advantage of an extremely small pixel size (the grain size) and large image 
detection area however recording large data sets is inconvenient and time consuming. And the 
data is not immediately available requiring development of the film in the darkroom and 
digitization of optical densities by a scanner.  
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The charge-coupled device (CCD) was the first digital detector available, enabling 
automated data collection. CCD cameras typically use a phosphor coated scintillator to convert 
primary electrons to photons, before being detected by the imaging sensor. This conversion is 
essential as CCDs are destroyed by direct illumination with electrons. This imaging sensor is 
made up of pixels, each of which is a metal-oxide semiconductor (MOS) capacitor which then 
converts these photons to electrons as they strike each pixel due to the photoelectric effect. These 
electrons are stored in the pixel’s capacitor and readout by a “charge-coupled” mechanism in 
which charges are transferred between neighboring pixels to a readout register, and then 
amplified and converted to a digital signal. The main problem of CCDs in TEM applications is 
the signal conversion process which degrades the spatial resolution and reduces sensitivity as 
light undergoes multiple scattering within the scintillator or at the optical interfaces [32].  
Detectors avoiding intermediate light conversions were recently developed, these direct 
electron detector devices (DDD) can be directly exposed to the high energy electron beam. 
Popular commercially available DDD cameras are the K2 Summit from Gatan, Inc. (Pleasanton, 
CA), and Falcon camera from FEI (Hillsboro, OR). DDD cameras may be operated in integration 
or counting mode. In integration mode, charges generated by a single primary electron event 
distribute over a small region (PSF), generally a few pixels. Similar integration is used by 
indirect detection cameras (e.g. CCDs), however scattering introduced in the scintillator worsens 
the PSF.  
In counting mode individual electron events are identified at the time they reach the 
detector, further reducing the PSF to a single pixel and removing read noise or the variation in 
the signal that is dependent on the electron interaction with the detector. Counting mode 
improves the DQE, particularly at low resolution but requires a relatively low electron dose rate 
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and higher frame rate to minimize coincidence loss (two primary electron events overlap 
resulting in only one event being counted). The K2 also has a super-resolution mode available 
which allows an individual electron event to be localized (centroiding) to sub-pixel precision (a 
quarter pixel). 
DDD cameras also enable the recording of dose-fractionated image stacks (movies) due 
to their high frame rate. This allows for correction of drift and beam-induced motion and 
provides a way to deal with rapid radiation damage where later frames may be removed or down-
weighted during image-processing.  
 
1.3 Pre-processing pipeline 
1.3.1 Frame alignment  
 
Raw cryo-EM images are first subjected to pre-processing steps- frame alignment, CTF 
correction, and particle selection. Whole frame alignment corrects image blurring caused by 
specimen drift during data acquisition. Motioncorr [33], MotionCor2 [34] and Unblur [35] can 
perform global, whole frame alignment. Beam-induced motion whether caused by movement of 
the particles or localized deformation of the ice results in non-uniform local motion that vary 
across the particles or image. Available beam-induced motion correction software can be divided 
into those that perform per-particle motion correction or patch-level correction. Per-particle 
correction also termed “particle polishing”, is implemented in RELION [36], Unblur, and 
alignparts_LMBFGS [37] and essentially involves calculating smooth estimates of particle 
trajectories while weighing averages of nearby trajectories (ensuring local correlation). Per-patch 
correction implemented in MotionCor2 [34] divides the frame into patches (subframes) where 
motions within each patch are then iteratively determined, subsequently each subframe is 
20 
 
remapped at each individual pixel. The latter is less computationally intensive and allows for 
local motion correction at preprocessing steps. Early frames may also be removed as strong 
beam-induced movement has been observed during initial sample irradiation (1- 2 e/Å of 
exposure), making the first movie frames unusable. These software also implement dose 
weighting to account for increasing damage in later frames. This allows collection of movies 
having a higher total dose to improve the SNR (important for particle picking and orientation 
determination) as well as the preferential selection of high-resolution information from the 
remaining early frames having less accumulated radiation damage.  
 
1.3.2 CTF correction 
 
Cryo-EM images are extremely noisy and suffer from effects of the CTF of the 
microscope, The parameters of the CTF  must be first determined so that the images can be 
corrected to recover undistorted information buried in the noise [27]. The CTFs modulate the 
Fourier transform of the true projections in a defocus-dependent way where the CTFs oscillate 
rapidly (with many zero crossings) and decay in the high frequency domain at defocus values 
typically used for image acquisition. To handle the CTF effects, information from multiple 
images (of different defocus groups) is combined to recover the information for reconstruction.  
To estimate the CTF parameters, CTF correction software typically fit CTFs to the Thon 
rings visible in the power spectrum of an entire electron micrograph to measure defocus and 
astigmatism. Recently, with the increase of high-resolution maps more localized approaches 
have also been implemented: stage tilt, uneven ice, or a warped supporting film can all lead to 
defocus variations among particles within a single cryo-EM image. Software such as CTFFIND 
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[38] and GCTF [39] have now incorporated both global and local (per-particle) CTF correction 
to improve estimation of the CTF parameters for all particles for subsequent image processing.  
 
1.3.3 Particle selection and extraction 
 
To acquire individual images for further processing, particle are semi-automatically or 
automatically selected and extracted from the image. The particle images are also normalized, 
where the average pixel intensity outside of the particle region is subtracted from the particle 
image to bring all particles to the same intensity level, independent of experimental factors 
(variations in ice thickness, exposure, etc.). These procedures are available in several packages 
including EMAN [40], RELION [41], and Gautomatch (unpublished, http://www.mrc-
lmb.cam.ac.uk/kzhang/).   
 
1.4 Determination of particle orientations 
The orientations of the particles need to be known to determine the 3D reconstruction, 
however in single-particle cryo-EM the particles are randomly distributed with unknown 
orientations - this presents a chicken-and-egg problem of determining the 3D structure without 
knowing the orientations and vice versa [42]. The approach used in major software packages is 
to start with an initial guess of the map (alternatively ab initio methods are available [43, 44]), 
here a filtered or low-resolution 3D map of a similar object (e.g. a ribosome) is given to assign 
projection vectors (reference projections) to all particles. This is termed, projection-matching 
where a single-particle image (experimental projection) is compared with each reference 
projection and the projection vector (orientation) of the best-matching reference is the one 
assigned to this particle. This generates a new model via back projection and reference 
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projections are again generated. The single-particle images are now matched to the new 
reference projections and a new model is generated. This process is iterated a few rounds until 
assigned orientations assignments cannot be improved. Conventionally one was required to find 
the unique optimal parameters (in-plane rotations and translation) and determine “hard” 
orientation assignments. Now a maximum likelihood (ML) approach allows for “soft” 
orientation assignments in which each rotation is assigned a distribution rather than just the best 
match. Conceptually, this is as though each image is added into the reconstruction for each 
possible orientation weighted according to its probability. The ML approach was first introduced 
to the cryo-EM field by Sigworth for 2D alignment, and the idea was extended for 3D 
reconstruction [45, 46].  
More recently, a variant of the ML approach was introduced with a Bayesian 
interpretation of cryo-EM structure determination [46]. The main difference between this 
interpretation and earlier ML approaches is in the introduction of a regularization term in the 
likelihood function. This regularization imposes prior distributions on model parameters in 
which the ML optimization target may be augmented with such prior distributions. The resulting 
regularized optimization algorithm, termed a maximum posteriori (MAP) estimation has proven 
useful for high-resolution reconstruction and 2D or 3D classification of heterogenous data.  
The optimization of the regularized likelihood target (MAP estimates of parameters) is 
performed by the standard expectation-maximization algorithm which is an iterative method 
involving 2 steps. The first step, the Expectation or E-step (E step: alignment) is where the 
calculated projections of the structure (determined by the current estimated model parameters) 
are compared with the experimental images, to calculate probability distributions for the relative 
orientations of all particles. In the subsequent maximization or M-step (M step: Reconstruction) 
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one computes model parameters with the expected log-likelihood found in the prior E-step and 
updates the estimate of the 3D map, which is used for the next E-step. This is guaranteed to 
increase the likelihood of the 3D map given the data and the prior at every iteration until 
converging onto the nearest local minimum. The relative contributions of the experimental data 
and the prior to the reconstruction are dictated by Bayes’ law and depend on the noise and signal 
in the data.  
 
Figure 9. Schematic illustration of the Bayesian approach. S.H Scheres 2012 J Mol Biol  
 
1.5 Image processing pipeline 
The low SNR of individual particle images makes it difficult to evaluate the raw 
projection images, clustering of similar particle images and calculation of class-average images, 
amplifies the SNR by averaging noisy images of similar view angles [47, 48]. This clustering 
and calculation of class-average images allows for an initial evaluation and assessment of data 
quality, such as the angular distribution of the particle views and removal of “bad” particles 
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After particle extraction, individual particle images are subjected to reference-free 2D 
class averaging where they are aligned (rotationally and translationally) with one another and 
classified, As described previously RELION implements a regularized term to the likelihood 
target function, in 2D classification only orientations are marginalized.   
Next 3D classification is performed to continue the selection of suitable particles for 
high-resolution structure determination. 3D classification begins by initializing multireference 
refinements from a single, low-resolution reference (40-60 Å) and assigning a random class to 
each particle in the first iteration. This initial 3D reference may be generated from the 2D 
particles themselves using EMAN or more recently RELION. Alternatively, maps of similar 
complexes from EMDB, or maps generated from PDB entries, or in some cases (known point-
group symmetry) a spherical blob can be used. The heavy filtering of the initial reference 
minimizes reference bias and the “Einstein from noise” problem. Apart from this reference, the 
user provides the number of desired classes (i.e. k=10).  
RELION implements a regularized term to the likelihood target function (section 1.4), 
this allows for efficient simultaneous alignment and classification of the particles without the 
need for prior knowledge of the differences between the structures in the dataset. In particular 
without any knowledge of the relative orientations of the particles, in 3D classification one needs 
to marginalize over both orientational and class assignments. This requires the need to perform 
exhaustive angular searches to limit the associated computational costs. The first rounds of 3D 
classification are typically performed using a relatively coarse angular sampling (i.e. 7.5 
degrees). This proceeds iteratively where upon convergence estimates of the orientations no 
longer improve, convergence is monitored by the user in 2D and 3D classification. The angular 
sampling can be set to a finer increment to improve these estimates, (i.e. 3.75 degrees). Local 
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angular searches are implemented in later stages after exhaustive searches with coarser 
samplings have provided orientations relatively close to the correct ones. The particles from the 
reconstructions deemed suitable are selected for further processing, thus removing the junk 
particles. Multiple rounds may be performed to remove junk particles and separate particles into 
homogenous classes which can be refined independent for high-resolution structure 
determination. This heterogeneity is due to compositional and/or conformational differences 
present in the sample.  
Refinement of the homogenous classes can then be performed. RELION’s 3D auto-
refinement protocol is similar to its 3D classification protocol however its output is a single 
volume and it calculates more precise angular assignments. Convergence no longer relies on user 
innervation but is instead automatically monitored. This is implemented in RELION’s 3D auto-
refinement procedure by using the estimated angular accuracies to automatically increase the 
sampling rates during refinement until the noise in the data prevents distinguishing smaller 
angular differences and the angular assignments can no longer be improved. Further, RELION’s 
3D auto-refinement procedure implements a so-called gold-standard approach where the data is 
split into two halves and refined independently. Then the Fourier shell correlation (FSC) between 
the two independent reconstructions is used to yield a reliable resolution estimate. This approach 
prevents overfitting and over-estimation of resolution. RELION’s 3D auto-refinement procedure 
may also be used prior to 3D classification to get a consensus model with particles having close 
to optimal angular assignments. This resulting model can then be used to generate random seeds 
and classify the dataset, often this gives better results. Subsequent 3D classification can then be 
performed using only local searches of the angles around the angles from the consensus 
refinement or alternatively one keeps the orientations from the consensus refinement and only 
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marginalizes over the class assignments. These approaches can be used for the initial 
classification of heterogenous data from a consensus model and may also be employed for 
further classification in which a homogenous class was independently refined and small 
conformational and/or compositional differences still remain to be separated.  
Additional procedures such as masked 3D auto-refinement (focused refinement), masked 
3D refinement with partial signal subtraction, and multibody refinement may also be 
implemented to improve the reconstruction of heterogenous datasets. In masked 3D auto-
refinement one applies a 3D mask to the structure to mask out part of the complex and align only 
with respect to the part of the structure that lies within the mask.  
In the signal subtraction approach, one designs two masks. The first mask is the region of 
interest on which one will perform a masked 3D refinement or a masked classification. The 
second mask is the entire complex except for region of interest. This second mask is applied to 
the reconstruction from a consensus refinement, and projections of this masked reconstruction 
are subtracted from all experimental particle images in the dataset. This creates a new dataset of 
experimental images with part of the signal subtracted which are used as input images to 
calculate a 3D reconstruction. This often results in better reconstruction compared to masked 3D-
auto refinement, as the part of the complex that lies outside of the mask is removed instead of 
acting as noise which may deteriorate the angular or class assignments.  
The multibody refinement procedure is an automated approach in which user defined 
regions are subjected in parallel to masked 3D auto-refinement with partial signal subtraction. 
The masked alignment of the independent regions leads to every particle having optimal 
orientations assigned for each user defined region. These optimal orientations are used to 
perform a better signal subtraction in the next iteration. Currently this approach suffers from 
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strong artifacts at the boundaries between regions but is promising to automatically refine 
multiple independently moving regions with minimal user intervention.   
Following refinement procedures, a RELION postprocessing procedure further improves 
the quality of the reconstruction. This procedure includes automasking, modulation transfer 
function (MTF) correction, and B-factor amplitude correction. RELION implements high-
resolution noise substitution [49] which consists of randomizing the phases of the half maps 
(from refinement), masking them, calculating the FSC between them, and comparing that FSC to 
that of the FSC between two masked, non-randomized half maps.  
The MTF describes resolution-limiting effects related to the detector, particularly it 
describes how much contrast is transferred from the object to the image at each resolution. This 
can be easily deconvoluted from the map and a suitable MTF curve of the detector provided by 
the manufacturer.  
The B-factor describes contrast loss at high-resolution in a reconstruction. The effective 
B-factor is used to model the combined effects of molecular drifting due to charging effects, 
molecular flexibility, errors in the detection process, errors in image processing, etc., into a 
Gaussian envelope function that describes the signal falloff [50]. This B-factor value may be 
estimated automatically for reconstructions that extend beyond 10 Å, and applied to restore the 
high-resolution structure amplitudes. This corrected FSC curve results in a sharpened map with 
the high-resolution details.  
 
1.6 Resolution 
For single-particle cryo-EM reconstructions, resolution is measured in Fourier space as a 
function of spatial frequency. Specifically, resolution is estimated from the Fourier Shell 
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Correlation (FSC) between two half-maps (from the refinement), each reconstructed from half of 
the particles in the dataset. In terms of signal and noise, the half-maps should contain identical 
signal and correlate very well whereas noise in the half maps should correlate very little across 
all spatial frequencies. For gold-standard FSCs, the spatial frequency at which the FSC equals 
0.143 is the cut-off value used to describe the global resolution of a given map. The highest 
achievable resolution for a sampled image is limited as described by the Nyquist-Shannon 
theorem [51]. In the case of cryo-EM data, the resolution is limited by the pixel size (the 
sampling distance) where its resolution, in real space, cannot exceed the width of two pixels. 
This resolution ceiling, in Fourier space is termed the Nyquist limit.   
 
1.7 Resolution assessment and validation 
The estimated resolution (section 1.6) is not an absolute measurement but rather is akin to 
a consistency score and does not guarantee that structural details in the map will be reflected in 
the estimated resolution [52]. This calls for the need to re-evaluate and validate the resolution of 
a cryo-EM map. Structural features at an a resolution ~4-10Å should reveal secondary structures 
such as a-helices and the relative arrangements of domains and/or subunits in a complex. At 
near-atomic resolution <4Å, b-strands allowing polypeptide backbone tracing should be clearly 
resolved. Recently several tools for resolution evaluation and/or validation have implemented in 
several software [53-55]. Phenix software (mtriage), has four available metrics – d_FSC, d99, 
d_model, and d_FSC_model [55]. The d_FSC corresponds to the gold-standard FSC. The d99, is 
the resolution at which Fourier map coefficients (corresponding to the real space map) can be 
omitted before the map starts changing significantly. The d_model, and d_FSC_model metrics 
both require an atomic model to estimate map resolution. The d_model is the resolution cutoff at 
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which the model map is the most similar to the experimental map. For this metric, a series of 
model-calculated maps at different resolutions are generated and then each is compared with the 
experimental map; the resolution of the model-calculated map that maximizes the correlation is 
considered as the most representative of the map resolution. The d_FSC_model is the resolution 
cutoff up to which the model and map Fourier coefficients are similar (also a map-model 
correlation). An FSC curve between the experimental cryo-EM map and model is also 
calculated. For further validation, half maps are provided for calculation of their respective map-
model FSC curves. Ideally, the FSC curve of the full map and the 2 half maps should overlap. 
Another available metric is the EMRinger score, which describes the local fit of individual 
















Chapter 2: Structure and functions of the ribosome 
 
Proteins, encoded by individual genes in DNA, are responsible for nearly every task of 
cellular life. Thus protein synthesis is crucial for cellular maintenance and development. The 
production of proteins requires two major processes -transcription and translation. Transcription 
is the process by which a DNA strand is copied into a type of RNA molecule. In particular genes 
encoding proteins are transcribed into messenger RNA (mRNA), which carry the information 
needed for protein synthesis (triplet code or codon). The transcription process is followed by 
translation whereby the genetic message encoded in the mRNA is translated into a sequence of 
amino acids. Translation, the final step of gene expression (DNA® RNA ®Protein) is mediated 
by ribosomes in concert with transfer RNAs (tRNAs) and other proteins. Below is a brief 
overview on eukaryotic translation:   
 
2.1 Translation 
Translation consists of four distinct steps: initiation, elongation, termination, and 
recycling. Most major control checkpoints are exerted in the initiation stage, before translation of 
the polypeptide chain begins. Canonical translation, begins with formation of the ternary 
complex (TC) where GTP-bound eIF2 binds the initiator methionyl-tRNA (tRNAiM). The TC 
then interacts with the small ribosomal subunit (40S) and a number of initiation factors – eIF1, 
eIF1A, eIF5, and the eIF3 complex, together forming the 43S preinitiation complex (PIC). The 
43S PIC is then recruited to the 7-methylguanosine (m7G) cap (5’ end of mRNA) by eIF4F 
complex. Mammalian eIF4F consists of eIF4E (the cap-binding protein), eIF4A (an RNA 
helicase),and eIF4G (a scaffold protein). EIF4G binds PABP at the 3’end of mRNA thus forming 
a nascent 48S complex. The PIC then scans in search of a start codon and once the anti-codon of 
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tRNAiMet base-pairs with the start codon in the peptidyl site (P-site), GTP is hydrolyzed by eIF2 
(eIF5) and Pi is released. Next, displacement of factors- eIF1, eIF1A, eIF2•GDP, eiF3, and eIF5 
and an additional GTP hydrolysis event (eIF5B) allows the 60S ribosomal subunit to join, 
forming an 80S ribosome.  
Following initiation, protein synthesis occurs through progressive elongation cycles [1, 
56]. An elongation cycle, can be divided into three principle steps, (1) tRNA selection or 
decoding, (2) peptide bond formation, and (3) translocation of the mRNA-tRNA complex. In 
elongation, aa-tRNAs are delivered to the ribosomal A site instead of the P site as in initiation. 
The aa-tRNA is delivered to the ribosomal A site in the form of a ternary complex 
(EF1A•GTP•aa-tRNA). Upon a cognate anticodon-codon binding interaction (tRNA selection), 
a conformational change of EF1A occurs, triggering GTP hydrolysis. This enables the tRNA to 
become fully accommodated into the A site. At the peptidyl transferase center (PTC) of the large 
subunit, the acceptor ends of the A- and P-tRNAs are stabilized through interaction with the 
conserved A- and P- loops of the large subunit rRNA. The amino acid bound to the A-site tRNA 
can now undergo a favorable peptidyl transfer reaction. The amino acid’s free nucleophilic 
amino group attacks the carboxyl end of the amino acid in the P-site, thereby joining the two 
amino acids with a peptide bond. This is accompanied by a conformational change, in which  the 
ribosomal subunits rotate with respect to one another (intersubunit rotation) and the tRNAS 
adopt an altered conformation termed, the ‘hybrid state’. Essentially, the anticodon end of the 
tRNAs remain positioned in the P- and A- sites of the small ribosomal subunit (SSU), while the 
acceptor ends of the tRNA are positioned in the E- site and P- sites of the large subunit (P/E and 
A/P). Next, the rotated state of the ribosome binds another translocation GTPase, eEF2, this 
translocates the mRNA-tRNA complex relative to the ribosome and returns the tRNAs to their 
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‘classical states’ (E/E and P/P) [57-59]. The tRNA movement into the ‘classical states’ is 
accompanied by rotation of the small subunit relative to the large subunit (a counterclockwise 
rotation) and is expected to involve head swiveling to facilitate tRNA movements [59, 60]. The 
A-site is now free and ready for the next aa-tRNA to bind. This completes a cycle of elongation, 
which will iterate until the ribosome reaches a stop codon (UAG, UGA, or UAA) in the A site. 
Termination in eukaryotes requires two proteins -eRF1, responsible for stop codon recognition 
and eRF3, a translational GTPase which seems to facilitate termination. Recycling then takes 
place once the polypeptide chain is released. Recycling involves the dissociation of the 
ribosomal subunits and release of the mRNA and tRNA to regenerate necessary components for 
subsequent rounds of translation [61].  
 
2.2 Ribosome structure 
Ribosomes were first observed in EM images as granules dotting the outer surface of the 
endoplasmic reticulum (ER) by Palade in 1955 [62]. In 1976, Jim Lake described the main 
topology of the ribosome and produced a 3D model by interference from a few views [63]. And 
in 1990, the first cryo-EM reconstruction of the 70S was obtained at 40 Å  [64]. By 1995, a cryo-
EM reconstruction of the ribosome was resolved at 25 Å allowing for characterization of 
topological features- bridges joining the two distinct subunits, the binding sites of tRNA, and the 
peptide exit tunnel [65].  
In 2000, the first atomic structures of the 30S subunit from Thermus thermophilis [66] 
and the 50S from Haloarcula marismortui [67] were obtained, followed by the complete 70S 
from Thermus thermophilis [68]. These studies revolutionized the field of ribosomal research, 
providing extensive information on RNA and protein structure, protein-RNA interactions, and 
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characterizing the functional sites of the two subunits. The atomic structures provided irrefutable 
evidence that the ribosome was a ribozyme, with the RNA performing the primary functions of 
decoding and peptide bond formation on the 30S and 50S, respectively.  
The 30S subunit consists of 21 ribosomal proteins (r-proteins) and the 16S rRNA 
molecule (~1500 nucleotides). The secondary structure of the 16S, is made up of over 50 RNA 
helices, connected by single stranded internal and terminal loops whereby the internal loops are 
involved in long-range interactions (non-Watson-Crick base pairing) to stabilize the helices and 
ribosome structure. The stacking and/or packing of the 16S RNA results in three compact 
domains (the 5’ domain, central domain, and the 3’ major domain), which correspond to the 
landmark features of the 30S- the body, platform, and head; and one extended domain (3’ minor 
domain) which consists of two helices at the subunit interface (H45 and H45) and available to 
interact with the large ribosomal subunit (Figure 10).  
The r-proteins are dispersed throughout the structure, asymmetrically and concentrated 
on the surface of 30S. The r-proteins are located between different RNA elements and stabilize 
the tertiary structure, which can be indicated by their topology. Globular proteins often bind 
three- or four- helix junctions tying together distant regions of the RNA. R-proteins which 
resemble a “screw” in topology have a globular head which remains on the surface of the 
ribosome and an extension or insertion (of a loop, a C-terminal, or N-terminal) which penetrates 
the interior of the ribosome. These insertions or extensions are fairly basic and engage in 
electrostatic interactions, allowing the RNA to adopt a more compact conformation by reducing 
the negative interactions between the phosphates. R-protein extensions (N or C-terminal) may 





Figure 10. Tertiary structure of the 16S RNA showing the 50S or ‘front’ view. H head; Be, beak; N, neck; P, 
platform; Sh shoulder; Sp, spur; Bo, body.  B. Wimberly et al. 2000 Nature 
 
The 50S from Haloarcula marismortui, is composed 23S rRNA (~3000 nucleotides), 5S 
rRNA (~120 nucleotides), and 31 r-proteins. The 23S rRNA consists of 6 domains (domain I-
VI), each of which has a highly asymmetric tertiary structure. Domain I, lies in the back, behind 
and below the L1 region. Domain II, accounts for most of the back of the particle and has three 
protrusions that reach toward the subunit interface side. The first protrusion includes the RNA 
portion of the L7/L12 stalk (helix 42 and helix 44) which interact with elongation factors. The 
second protrusion (of domain II) is helix 38, which starts in the back of the particle and extends 
towards the small subunit (30S) and is found between domain V and the 5S rRNA. The third 
protrusion (helix 32-helix 35) points directly toward the small subunit. With the loop of stem-
loop 34, emerging at the subunit interface between domains III and IV, and interacting directly 
with the small ribosomal subunit. Domain III, occupies the bottom left region of the large 
ribosomal subunit in the crown view, and looks like a four-pointed star (stem-loop 48, 52, 57, 
and 58). This domain unlike all other domains, hardly interacts with domain V (peptidyl 
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transferase activity). Domain IV accounts for the 50S interface side which contacts the 30S 
subunit, with helices 67-71 constituting the most prominent features. Domain V, is found 
between domains IV and II and encompasses the peptidyl transferase activity of the ribosome. 
Helices 80-88 form the bulk of the central protuberance region and interacts with domain II and 
the 5S rRNA. Helices 89-93 of this domain extend toward domain VI and help stabilize the 
elongation factor binding region of the ribosome. Domain VI, found immediately below the 
L7/L12 stalk consists of the sarcin-ricin loop (SRL or stem-loop 95), essential for factor binding 
(Figure 11). As for the r-proteins, they appear on the surface of the 50S subunit and are absent 
from the interface or active site regions. Similarly to the 30S, the r-proteins have N- or C- 
terminal extensions penetrating the interior of the ribosome and stabilizing the rRNA.  
 
 
Figure 11. The tertiary structures of the RNA in H. marismortui large ribosomal subunit and its domains. Ban 
et al 2000 Science.  
 
 As for eukaryotic ribosomes, the first structures were determined from cryo-EM maps 
and the fitting of atomic structures from the bacterial and archaeal small and large ribosomal 
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subunits, respectively [69]. These studies identified 46 eukaryotic r-proteins with bacterial and/or 
archaeal homologs as well as eukaryotic RNA expansion segments. Subsequent cryo-EM 
reconstructions enabled the identification of additional r-proteins as well as eukaryotic r-protein 
extensions [70-72]. In 2011, the atomic structures of Tetrahymena thermophila and 
Saccharomyces cerevisiae solved by x-ray crystallography enabled a full assignment of r-protein 
extensions and rRNA expansion segments in these species [2, 73, 74].  More recently, with the 
advent of new technology (direct detectors) and software, single-particle cryo-EM has reached 
high resolution (< 3.5 Å) allowing the study of diverse ribosomes and ribosomal complexes 
capturing a range of conformational states.  This includes ribosomes from a variety of organisms 
ranging from pathogenic bacteria, yeast, parasitic protozoans, to humans. The increased diversity 
of ribosome structures reveals species-specific features, providing insights into unique 
mechanisms of translation and the evolution of ribosomes [75].  
Eukaryotic ribosomes are composed of a large ribosomal subunit, the 60S and a small 
ribosomal subunit, the 40S. The eukaryotic large subunit (60S) is typically composed of 3 RNA 
molecules- the 5S, 5.8S, and a 28S rRNA. And the eukaryotic small subunit (40S) is composed 
of a single RNA molecule- the 18S rRNA. Both 28S and 18S rRNA have multiple insertions 
(with a total length of 900 bases or more) to the core rRNA fold of their prokaryotic counterparts 
(ESs). And the size of the 80S ribosomes varies within ~ 1-MDA range, mainly owing to 
insertions in 4 rRNA expansion segments  (ESs)- ES7L, ES15L, ES27L, and ES39L [1]. These 
ESs interrupt the conserved core rRNA along the same sites (variable regions) across different 
species however their length and actual sequence vary significantly between different species. 
These ESs are found and constrained to the periphery, where they do not perturb the common 
core and its functions. And most resemble tentacle-like arms extending outwards and are highly 
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flexible making it difficult to visualize them. Little is known of ESs biological functions but they 
accessible from the solvent side for potential interactions [1]. R-protein extensions (N or C-
terminal) are also be found extending out to the solvent exterior, stabilizing the expanding rRNA 
ESs, supporting the idea that they coevolve [71]. Altogether, the majority of changes in 
eukaryotic ribosomes (rRNA expansion segments and eukaryotic r-protein extensions) compared 
to their prokaryotic counterparts occur in the outer shell of the ribosome.  
 
 
Figure 12. Characteristics of the 80S ribosome surface. (A) Eukaryotic-specific elements (in red) on the solvent 
side of both subunits. Conserved core elements are in gray. Most of the ribosome surface is eukaryotic-specific. (B) 
Distribution of eukaryotic-specific moieties (yellow) and rRNA expansion segments (red) around the conserved 
core.  A. Ben-Shem 2011 Science 
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Chapter 3: Single-particle cryo-EM structures of the naked mole-
rat, tuco-tuco, and guinea pig ribosomes 
 
Ribosomes share an evolutionarily highly conserved core consisting of the major 
functional centers -- the decoding site, peptidyl transferase center, and tRNA-binding sites. 
However, outside of this core, ribosome composition varies considerably. The main differences 
among eukaryotic ribosomes are due to domain-specific moieties (e.g. insertions or extensions) 
in their ribosomal proteins (r-proteins) and/or rRNA expansion segments (ESs) [1]. Further, 
rRNA fragmentation occurring in regions of high variability has been reported in several 
organisms from bacteria to protozoa, insects, helminths, fish, and, surprisingly, some mammals 
[3-15]. Recently, the naked mole-rat (Heterocephalus glaber) was discovered to have unusual 
cleavage sites in its 28S rRNA resulting in the deletion of the major part of the D6 variable 
region and leaving the two rRNA fragments disconnected [14]. The cleaved nature of the 28S 
rRNA has been suggested to be associated with the naked mole rat’s increased translational 
fidelity [14]. The only other known mammals having fragmented rRNA are the tuco-tuco rodent 
(of the genus Ctenomys) and the degu (in the related genus Octodontomys) [13]. Interestingly, 
the tuco-tuco rodent has also shown to have increased translational fidelity [76]. Here we present 
the high-resolution structures of the naked mole-rat, tuco-tuco, and guinea pig (Cavia porcellus) 
ribosomes. Guinea pig, which has canonical (non-fragmented) 28S rRNA, is used as a rodent 




3.1 Overall architecture of the naked mole-rat, tuco-tuco, and guinea pig large subunits 
In general outline, the structures of large ribosomal subunits (60S) from the naked mole-
rat and tuco-tuco resemble those of other eukaryotes; particularly, there is a high accordance 
with the rabbit ribosome, which was used for initial model building (PDB 5LZS [77]). For our 
studies we elected to compare the fragmented naked mole-rat and tuco-tuco ribosome structures 
to that of guinea pig, the most closely related organism. The guinea pig ribosome has a 
conventional 28S rRNA built from a single rRNA molecule. Guinea pig was found to have a 
lower translational fidelity compared to naked mole-rat and tuco-tuco [76]. 
               
Figure 13. 28S rDNA of the Guinea pig, Naked mole-rat and Tuco-tuco rodent species. The guinea pig 28S 
molecule has no cleavage sites. The D6 region of the naked mole-rat contains two cleavage sites that excise a 263-nt 
fragment and results in a 28S fragmented molecule. The D6 region of tuco-tuco contains a single-cut site also 
resulting in a fragmented 28S molecule.  
 
Fragmentation of 28S rRNA in both the naked mole-rat and tuco-tuco results from 
cleavage sites corresponding to the 28S rDNA divergent region 6 (D6), which has a high degree 
of sequence conservation between the two species [13, 78]. However in the naked mole-rat the 
D6 region contains two cleavage sites that excise a 263-nt fragment resulting in a 28S rRNA 
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molecule being split into two pieces, whereas in tuco-tuco, the D6 region contains a single cut 
site within a unique 106-bp insertion and no fragment is excised [14].  
In both cases the 28S rRNA of the naked mole-rat and tuco-tuco is processed into two 
smaller pieces of unequal size that are no longer covalently linked. These two pieces, analogous 
to the nomenclature for 28S rRNA, will be referred to as LSU-α and LSU-β following a naming 
convention introduced by Hashem et al [79]. LSU-α is primarily located on the solvent side of 
the particle with helices H38 (also known as the A-site finger) and H34 inserted into the 
interface. LSU-β is primarily located in the interface of the particle (Figure 14).  
 
 
Figure 14. Overview of Guinea pig, Naked mole-rat, and Tuco-tuco large subunit (60S) architecture. (A) 
Guinea pig (B) Naked mole-rat (C) Tuco-tuco. Left, interface view. Right, solvent view.  
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3.2 Fragmentation site of the naked mole-rat and tuco-tuco large subunits 
The reconstruction of the naked mole-rat large subunit (60S) reveals high-resolution 
details of the fragmentation site found in ES15L, which caps helix 45 (H45). The LSU- α is 
sealed by LSU-β and r-protein, uL4. The LSU-β is sealed off by a base-stacking interaction with 
ES7L from LSU-α. In the unsharpened map a disc-shaped mass of density is observed sealing 
the gap between the fragments. This mass of density interacts with r-protein uL30 and most 
likely corresponds to flexible rRNA from ES7L.  
 
 
Figure 15. Fragmentation site of the Naked mole-rat ribosome. (Left) postprocess map and model (Right) a disc 
like density is seen in the refinement map (not modeled) sealing off the fragmentation site.  
 
The tuco-tuco ribosome reveals a similar structure and rRNA-rRNA and rRNA-protein 
interactions as the naked mole-rat ribosome in this region. However, studies mapping the 
fragmentation site of tuco-tuco indicate that ES15L is longer as no fragment has been excised. 
(Figure 13). The density map of the tuco-tuco ribosome does reveal that ES15L further extends 
to the surface of the large subunit (60S) ribosome; however, this region is apparently highly 
flexible so that the density disappears as we move toward the periphery. The post-processed map 
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of the ribosome from tucu-tuco can only visualize the stable region of ES15L, upstream of the 
fragmentation site. This stable region corresponds to the naked mole-rat fragmentation site.  
 
Figure 16. Fragmentation site of the Naked mole-rat ribosome and comparison of the corresponding region in 
the Tuco-tuco ribosome. (A) Naked mole-rat (B) Tuco-tuco, red box shows density for a portion of the longer 
ES15L.  
 
3.3 Comparison of the naked mole-rat, tuco-tuco, and guinea pig large subunits 
The predominant differences between the three rodent species are all identifiable in 
flexible regions at low resolution in the refinement maps. By contrast, these flexible regions are 
invisible in the high-resolution post-process (sharpened) maps  
In particular, the largest differences occur on the solvent side and are found among five 
major expansion segments (ES7L, ES9L, ES15L, ES10L, and ES12L). These expansion 
segments are found on the top and back of the particle and form a network that extend towards 
the interface region of the particle (Figure 17A). ES7L is the largest expansion segment, which is 
found on the top of the particle and made up of three long helices, namely ES7La, ES7Lb, and 
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ES7Lc. These helices extend to the L1 stalk, the P stalk, and CP regions, respectively. ES7L also 
merges with ES9L and ES15L (fragmentation site of naked mole-rat and tuco-tuco ribosome) to 
form a knot-like structure on the back of the large subunit. ES9L starts near this pseudoknot and 
is found stacked onto ES12L, an insertion of H38 or the A-site finger. ES10L is found behind 
ES9L and is another insertion of H38.  
Three major differences were found between the naked mole-rat and the guinea pig large 
ribosomal subunit. The first difference is due to the fragmentation of the naked mole-rat 
ribosome which results in a shorter ES15L that no longer interacts with ES9L on the solvent and 
back side of the particle. In the guinea pig reconstruction, ES15L is extended and stacks onto 
ES9L. This stacking is a result of the extended ES15L base-pairing with the terminal loop of 
H30 within ES9L, as described for the human and rabbit ribosome structures [77, 80]. However 
the region is not modelled in our guinea pig structure due to its high flexibility. As for the tuco-
tuco ribosome, ES15L is longer compared to the naked mole-rat ribosome and extends further 
out to the surface, where it forms contacts with eL6 and ES7L. And although the naked mole-rat 
and tuco-tuco are cleaved in a different way, the resulting fragmentations both result in their 
ES15L no longer interacting with ES9L (H30).  
The second difference between the ribosomes from the three rodent species is found in 
the internal loop of ES10L. In particular, extra density is observed in both the guinea pig and 
tuco-tuco ribosomes compared to the naked mole-rat. This non-helical insertion of ES10L links 
the three expansion segments – ES9L, ES10L, and ES12L. In the guinea pig ribosome this 
cluster of three expansion segments contacts ES15L, forming an extensive network from the top 
of the particle to the central protuberance (CP) of the ribosome.  
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The third difference among the three rodents is the appearance of an additional density 
found on the solvent surface below ES7Lc and above the CP. This density was assigned to r-
protein eL29. This assignment was determined from mammalian structural assignments found in 
the PDB, in particular rabbit [77] and human [81]. The extra density in the guinea pig and tuco-
tuco ribosome originates from a c-terminal portion of eL29 which bridges ES7L and ES9L. The 
naked mole-rat lacks this bridge, suggesting ES7L has increased flexibility compared to tuco-
tuco and the guinea pig ribosomes. The C-terminal eL29 density in tuco-tuco is weaker 
compared to guinea pig, indicating the tuco-tuco ES7L may have intermediate flexibility. In the 
three rodent structures, an N-terminal portion of eL29 (amino acids 2-76) is found on the solvent 
surface where it interacts with ES12L and ES10L before tethering into the rRNA core, near the 
peptidyl transferase center (PTC).  Thus eL29 links distal sites (ES10L/ES12L and ES7L/ES9L) 






Figure 17. Comparison of the Naked mole-rat large subunit (60S) to the Guinea pig and Tuco-tuco ribosomes. 
(A) Crown view of the naked mole-rat density with color zone of prominent expansion segments (ESs). (B) Naked 
mole-rat density is turned on X axis 90° in chimera to show ESs.  (C) Overlay of guinea pig density in mesh (D) 
Overlay of tuco-tuco density in mesh. Three main differences are seen in the density, colored in red (ES15L 
fragmentation site), orange (ES10L), and blue (eL29). (E) Cartoon representation of the five major ESs (ES15L, 
ES9L, ES7L, ES10L, ES12) and r-proteins found near the fragmentation site (uL30, eL6, eL28, uL4) and eL29 
which bridges ES9L (H30) and ES7L (ES7Lc). Asterisk* corresponds to the fragmentation site (naked mole-rat 





Fibroblast cells from naked mole-rat and tuco-tuco rodents were resuspended and 
incubated on ice for 20min in buffer containing 50mM Tris (pH7.4), 300mM K-acetate, 
7mM Mg+2 acetate, 380mM sucrose, 2mM DTT, 0.14% v/v Triton X-100, and Roche protease 
inhibitor tablet. To complete lysis, cells were freezed and thawed 2x’s. The lysate was clarified 
by centrifugation at 11700 g until no pellet was detected. Ribosomes in the supernatant were 
pelleted through a 1 M sucrose cushion in 20mM HEPES (pH 7.4), 300mM K-acetate, 
7mM Mg+2 acetate, 2mM DTT, and 20% glycerol for 16 hours at 40,000 rpm in a 70.1 Ti fixed 
angle rotor. Sucrose was removed from the ribosome enriched pellet, which was then 
resuspended in 200 µl of the same buffer. This suspension was clarified by centrifugation at 
11700 g for 10 min until no pellet was detected. The sample was then loaded onto a two-layer 
sucrose cushion formed with a bottom layer of 40% w/v sucrose and a top layer of 20% w/v 
sucrose in buffer containing 20mM HEPES (pH 7.4), 100mM K-Ac, 10mM Mg+2 acetate, and 
2mM DTT. The resulting translucent ribosome pellet was resuspended in the same buffer and 
applied onto a grid for imaging. For the guinea pig rodent sample which was purified at a later 
date, a similar procedure was used, however the two-layer sucrose cushion step was exchanged 
for a sucrose gradient (10-50%) as this setup was now successfully implemented and resulted in 
a ribosomal peak (Figure 18). The sucrose gradient improves the quality and/or purification of 
particles for data collection. The gradient was prepared with a BioComp Gradient Master 
(BioComp Instruments, Frederiction, NB) and spun down for 15 hours at 19,000 rpm at 4°C. The 
generated gradient was fractioned and the fractions corresponding to 80S ribosomes were 
dialysed (Spectra/Por7 Dialysis Membrane pre-treated RC tubing, MWCO 10 kDa) for 16 h to 
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remove the sucrose. The final sample containing ribosomes was concentrated using Corning 





Figure 18. Sucrose gradient and fractionation of 80S Guinea pig ribosomes. Each kind of particle sediments at a 
zonal level through the gradient at a rate dependent on its size, shape, and density. The red box represents the main 
peak containing ribosomes, the green box represents heavier species which sediment faster (i.e. polysomes) and the 




The purified ribosomes (3 microliters) were then applied onto copper/holey carbon grids 
(carbon-coated Quantifoil R2/2 grids, Quantifoil Micro Tools, GmbH, Großlöbichau, Germany) 
that were coated with an additional continuous thin layer of carbon applied with an Edwards 
Auto 306 evaporator, and then glow-discharged using the Gatan Solarus 950. Grids were blotted 
for 3 seconds at 4°C at 100% humidity and plunge frozen into liquid ethane cooled with liquid 
nitrogen to -180°C. Gold grids were exchanged for copper/holey carbon grids for the later guinea 
pig sample (Quantifoil R 1.2/1.3 300 mesh Au holey carbon grids, Quantifoil Micro Tools, 
GmbH, Großlöbichau, Germany).   
The naked mole-rat and tuco-tuco ribosomes were imaged with the FEI Falcon 2 camera 
installed on the Titan Krios microscope with a Cs corrector and EPU software (HHMI Janelia 
Farm Research Campus). Aiming to obtain high resolution, a high‐magnification setting was 
used (after calibration 133,970 X on the Falcon 2 camera), yielding a pixel size of 1.045 Å/pixel, 
which corresponds to a Nyquist limit of 2.09 Å. For the naked mole-rat dataset each image 
collected was composed of 25 frames with a total dose of  40 e/Å2 in integrating mode. The 
guinea pig sample, was imaged on the FEI Tecani F30 Polara microscope equipped with a K2 
Summit camera (Gatan) now available in house.  
 
Sample EM Voltage Frames Dose Pixel Size 
Naked mole-rat Krios Falcon II 300 kv 25 40 e/Å2 1.045 
Tuco-tuco Krios Falcon II 300 kv 16 30 e/Å2 1.045 
Guinea pig Polara K2 300 kv 40 40 e/Å2 0.98 






Micrographs were examined visually to remove those with contamination by pieces of ice 
and ethane and those exposed to the shifted beam, before movie processing and particle picking. 
Next the pre-processing of the images was performed; this includes frame alignment, CTF 
estimation, and particle picking procedures described in Chapter 1, section 1.3. Frame alignment 
was originally performed with Motioncorr (whole-frame alignment; [33]) only but with the 
release of new motion correction software (described in section 1.3), particle polishing was 
implemented in later steps as well as the new MotionCor2 (patch-level correction, [34]). 
Micrographs showing thick ice were excluded in a semi‐automatic particle selection step 
using e2boxer.py. The power spectra of micrographs generated for CTF determination after 
movie processing were also examined to exclude those with uncorrected drift and astigmatism.  
 
 
Figure 20. Micrograph and Power spectrum (A) Micrograph collected on FEI Titan Krios at Janelia Farms. (B) 




The naked mole-rat dataset was processed first.  Approximately 400k particles were 
selected for subsequent image processing. The particles were subjected to RELION’s (RELION 
1.4 or RELION 2.0 [46] versions as made available were used  2D classification, 3D 
classification, 3D auto-refinement, and post-processing procedures described in Chapter 1, 
section 5. The first processing scheme adapted from Li W et al (2015) is described below and 
resulted in a reconstruction at 4.1 Å (Chapter 3, section 2.1). This scheme was optimized and 
new software releases improving the resolution were incorporated resulting in an improved 
reconstruction of 3.2 Å for the 80S ribosome (section 2.2 in this chapter) and a 3.0-Å 
reconstruction for the large ribosomal subunit. Since classification progresses from coarse to fine 
details, it can be done on binned versions of the data first to save time and computational 
resources. For this reason, 4x and 2x binning was done before proceeding to the processing of 
unbinned data.  
 
Image processing scheme 1 
On the 4x binned dataset, approximately 400K particles were subjected to an initial round 
of 3D classification to eliminate impurities and “bad” particles. All ribosome-like particles (~ 
200K) were pooled for a second round of classification. In this round, various states of the 
ribosome could be recognized, including ribosomes with and without bound components 
(tRNAs, eEF2), in rotated and nonrotated configurations.  Homogenous classes (three distinct 
conformations were identified in Naked mole-rat data) were subjected to independent rounds of 
3D classification (now with a 2x binned dataset). The idea for these subsequent rounds of 
classifications was to sort out new classes or conformations not sorted out in previous rounds to 
improve homogeneity and thus the quality of the reconstruction (Figure 21). The homogenous 
class resulting from these further classifications was then subjected to RELION’s 3D auto-
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refinement procedure to form an improved consensus refinement, which was then subjected to 
2D classification and re-refinement again through RELION’s 3D auto-refinement procedure.  
 
 
Figure 21. Image processing of the Naked mole-rat ribosome. 
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Image processing scheme 2 
The initial processing described above allowed me to obtain practical experience and 
build an intuitive understanding of image processing. This then allowed me to optimize the 
procedures for high-resolution.  Further, new software (i.e. particle polishing) was becoming 
available. For this image-processing pipeline, 2D classification (on 4x binned data) was now 
performed first on the initially selected 400k particles to remove “bad” particles and gain an 
overview of the dataset. Next, the remaining particles (285K) were subjected to RELION’s 3D 
auto-refinement procedure prior to subsequent 3D classification to form a consensus 
reconstruction with orientations close to the correct ones. The first round of 3D classification 
was used to remove bad particles and a large ribosomal subunit class  (~20K particles) from the 
80S data. The 80S ribosome-like particles (~215 K) were then subjected to two rounds of 3D 
classification (on 2x binned data). Three conformations were identified which were then 
independently subjected to RELION’s 3D auto-refinement procedure and further rounds of 
independent (2D and 3D) classification to improve homogeneity.     
3D auto-refinement as well as particle polishing (alignparts_LMBFGS) [37] and then re-
refinement (the 3D auto-refinement procedure implemented again but with polished particles) 
was then performed on the unbinned data to obtain the final reconstructions of the ribosomes in 
the three conformations found in the naked mole-rat dataset. At this point the newly released 
Motioncor2 [34] was implemented to compare the performances of different motion correction 
methods. For my dataset, I found they resulted in similar reconstructions -- the nonrotated class 
reached 3.2 Å via particle polishing and 3.3 Å with Motioncor2. However, upon subjection to 








A focused 3D refinement with partial signal subtraction was performed focusing on the 
large subunit of an independent class (nonrotated), representing a single conformation. This 
resulted in a large subunit map with a global resolution of 3.0Å, which was used for model 
building.  Modeling of the naked mole-rat, guinea pig, and tuco-tuco ribosomes was performed 
in Coot [82], optimizing for fit to the density using rigid body fitting and jiggle fit followed by 
real-space refinement in Phenix [83]. For the naked mole-rat and guinea pig ribosomes, 
sequences were obtained from the National Center for Biotechnology Information protein 
databases (www.ncbi.nlm.nih.gov) and RNAcentral (https://rnacentral.org/) for the ribosomal 
proteins and the rRNA, respectively. For the tuco-tuco ribosome, which has no available genome 
sequence, model building was performed using the naked mole-rat structure as a starting point. 
Protein side chains could then be adjusted from the high-resolution map directly. And an 
available sequence for a portion of rRNA near the fragmentation site was used [14]. The density 
of the small subunit was still worse even with partial signal subtraction; particularly the head 
region. The guinea pig and tuco-tuco ribosomes were processed similarly to the naked mole-rat; 





Figure 23. Refinement and global resolution of the Naked mole-rat, Tuco-tuco, and Guinea pig large subunit 






Figure 24. Modelled naked mole-rat (NMR) ribosomal proteins (r-proteins) and their sequence identity 
(ID%) to guinea pig (GP) r-proteins. Sequences are from the NCBI database and are corroborated with the cryo-
EM density maps when possible (N- or C-terminal extensions found in solvent surface are unable to be modelled 
due to flexibility) Most r-proteins are highly conserved across mammals ( ≥ 98% sequence identity).  
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Chapter 4: Dynamical features of the naked mole-rat ribosome 
 
Translation requires the ribosome to undergo both large- and small-scale conformational 
rearrangements as it moves along the mRNA and interacts with translational factors and tRNA 
substrates. Biochemical, structural and biophysical studies over the last 30 years have revealed 
the extent of the ribosome’s dynamics and flexibility during translation. Large-scale molecular 
movements in the ribosome were long anticipated and inferred from the nature of the translation 
elongation cycle [84, 85]. And in the late 1980s, biochemical and foot printing experiments first 
suggested intersubunit movements allow translocation to occur in two steps [86]. In the first step, 
the acceptor end of the tRNA moves relative to the large subunit resulting in ‘hybrid states’ of 
binding. During the second step, which is promoted by elongation factor, EF-G, the anticodon of 
tRNA, along with the messenger RNA, moves relative to the small subunit. Subsequent 
ensemble FRET experiments also demonstrated that peptide bond formation results in the 
spontaneous rearrangement of the ribosome bound tRNAs from their “classical” P/P and A/A 
configurations, into intermediate “hybrid” P/E and A/P configurations (denoting to the small 
subunit/ large subunit tRNA sites) [87].  
A decade later, cryo-EM studies with reconstructions of pretranslocation (PRE) complex 
analogs containing vacant A sites and stabilized through the binding of EF-G in the presence of 
GDPNP, a nonhydrolyzable GTP analog, allowed visualization of the P/E tRNA configuration 
and observation of large-scale conformational rearrangements during translocation [88, 89]. 
These studies revealed three major conformational changes (1) the aforementioned movement of 
the deacylated P-site tRNA from the P/P to the P/E configuration [89] (2) the ~20Å movement of 
the L1 stalk, from an open to a closed conformation such that it establishes a direct interaction 
58 
 
with the elbow of the P/E-configured tRNA [89]  and (3) the counter-clockwise, ratchet-like 
rotation of the 30S (small subunit) with respect to the 50S subunit (large subunit) from a 
nonrotated to a rotated subunit orientation [88, 89]. This gave rise to the proposal that 
translocation is driven by a ratchet-like mechanism that is coupled to intersubunit rotation. 
Studies restricting potential intersubunit movement via a disulfide cross-link resulted in 
ribosomes that were unable to carry out translation [90]. Specifically, cross-linked ribosomes 
were blocked in EF-G-dependent translocation, supporting the requirement of intersubunit 
movement for ribosomal translocation.  
This intersubunit rotation is not a simple rigid-body movement, but one that includes both 
large- and small-scale structural rearrangements within both subunits. One of these is a 
movement of the head of the small subunit, an autonomous structural domain that is connected to 
the rest of the subunit by a single helix (h28) of the rRNA (16S in prokaryotes, 18S in 
eukaryotes). Cryo-EM reconstructions of EF-G-containing ribosomal complexes have revealed 
that the aforementioned intersubunit rotation is accompanied by a rotation of the head domain of 
the small subunit by up to 21° relative to the rest of the small subunit [89, 91]. Eukaryotic 
ribosomes bound with eEF2 also show a comparable rotational movement of the small subunit 
head [57]. This rotation of the head, also termed head swivel, is required to maintain proper 
contact between the tRNAs and the two ribosomal subunits upon transition to the hybrid state 
[57]. In particular, head swivel allows movement of the anticodon stem-loops (ASLs) of tRNAs 
and their associated mRNA codons along the direction of translocation through the ribosome 
[86]. Furthermore, head swivel is thought to be essential for ribosomal translocation because it 
opens a wide (over 20 Å) path for tRNA translocation between the P and E sites on the small 
subunit that is otherwise constricted by the rRNA residues of the head and platform of the small 
59 
 
subunit [92]. In eukaryotes and SecM-stalled postranslocational (POST) state complexes from 
Escherichia coli, a “rolling” of the small subunit has also been observed [93, 94]. The rolling 
motion in eukaryotes is described as  a ~6° rotation of the small subunit (40S) subunit toward the 
L1 stalk around the long axis of the small subunit and demonstrated to occur during tRNA 
selection [93]. This small subunit (40S) body/platform rotation (rolling) is measured relative to 
the large subunit, while head swivel motion is measured relative to the small subunit 
body/platform [93]. 
Large-scale conformational rearrangements also occur in the large subunit.  The largest 
movement is found in the L1 stalk, which comprises helices 76, 77, and 78 (H78 is absent in 
most eukaryotes) and protein uL1 [95]. The L1 stalk interacts with deacylated tRNA in the E site 
during translocation and regulates its release from the ribosome [96]. Cryo-EM and X-ray studies 
have shown the L1 stalk in at least three different conformations. In X-ray structures of 
ribosomes with a vacant E site, the L1 stalk is observed in an “open” conformation leaning away 
from the body of the subunit [92, 96]. When deacylated tRNA is bound in the classical E/E state 
(nonrotated), formation of the contact between the L1 stalk and the elbow of the tRNA requires 
the stalk to move inward by 30-40 Å relative to its open conformation (i.e. half-closed 
conformation) [97-99]. In rotated, hybrid-state complexes having EF-G, the L1 stalk moves by 
an additional 15-20 Å, relative to its position in the E/E state complex (i.e. closed conformation) 
[91]. This enables the L1 stalk to contact the elbow of hybrid-state P/E tRNA. In the absence of 
EF-G, the L1 stalk spontaneously fluctuates between the open and closed positions with 
movements coupled to the fluctuations of tRNAs between classical (nonrotated) and hybrid 
(rotated) states, respectively [100]. Thus movements of the L1 stalk allow remodeling of the 
ribosomal E site for different states of the elongation cycle [101].  
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Another highly dynamic domain of the large subunit is the L11 stalk (p stalk in 
eukaryotes), which contains the so-called “GTPase-associated center” (GAC) and is located 
opposite of the L1 stalk on the large subunit. The L11 stalk is formed from helices 43 and 44 as 
well as protein uL11. At the base of the stalk is the binding site for protein uL10, to which are 
bound two dimers of L7/L12 (P1/P2 in eukaryotes). The L11 or P-stalk interacts with 
translational GTPases. GTPases have several roles in translation, including delivering tRNA to 
the P site of the ribosome during initiation (e.g. eIF2) or the A site during elongation (e.g. 
eEF1A), and catalyzing translocation during elongation (e.g. eEF2). For all these GTPases, the 
GAC acts in a manner similar to GTPase-activating proteins to trigger GTP hydrolysis. X-ray 
structures of vacant and t-RNA-containing ribosome complexes from Escherichia coli and 
Thermus thermophilus showed that the L11 moves by more than 15 Å toward the A site [92, 96, 
97]. Various degrees of inward or outward movement of the L11 stalk have been seen in cryo-
EM reconstructions of ribosomal complexes containing EF-G [102], EF-TU [103], and RF3 
[104] and eukaryotic translational factors (eEF2 and eEF1A) [58, 93].  
Here we have solved structures for two conformational states of the 80S naked mole-rat 
ribosome, a nonrotated state harboring a single tRNA (E/E) and a rotated state harboring two 
hybrid-state tRNAs (P/E and A/P). By comparing these structures we identified dynamic 
components of the naked mole rat’s large subunit (60S) whose motions may be correlated to the 
functional dynamics of the small subunit (40S) during translation (intersubunit rotation, head 
swiveling, etc) in an attempt to reveal a role for the 28S rRNA fragmentation and its possible 
link to the high translational fidelity reported for the naked mole rat.  
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4.1 Predominant motions of the naked mole-rat 80S ribosome  
Predominant motions for the naked mole-rat ribosome were characterized by performing 
a consensus refinement of two conformational states in the naked mole-rat dataset followed by a 
multibody refinement. The consensus refinement of the nonrotated and rotated ribosomes yielded 
a global resolution estimate of 4.1 Å after standard RELION post-processing. The consensus 
map showed fuzzy density for the small subunit compared to the rest of the ribosome. In 
particular the head region of the small subunit exhibited poor density. For multibody refinement 
in RELION [105], the ribosome was split into three bodies, (1) the large subunit (2) the small 
subunit without the head, and (3) the head of the small subunit.  
Application of the principal component analysis in the relion_flex_analyse program 
revealed that approximately 50% of the variance in the rotations and translations of the three 
bodies is explained by the first two eigenvectors (Figure 25). Motion along the first eigenvector 
alone accounts for almost 40% of the variance and is reminiscent of a ratchet-like motion of the 
small subunit with respect to the large subunit. The motion along the second eigenvector 
accounts for approximately 10% of the variance and seemingly corresponds to the rotation of the 





Figure 25. Multibody refinement of the Naked mole-rat ribosome. (A) The contributions of all eigenvectors to 
the variance. Approximately 50% of the variance in the rotations and translations of the three bodies is explained by 
the first two eigenvectors. (B) The histogram of the amplitudes along the first eigenvector shows a bimodal 
distribution. (C) The histogram of the amplitudes along the second eigenvector. (D) Maps at the extremes shown for 






4.2 Overview of the global conformational changes in the naked mole-rat 80S structures 
Models for the two conformational states (nonrotated and rotated), primarily related by a 
ratchet-like motion, were built into their respective cryo-EM density maps. To identify dynamic 
elements we then calculated and visualized a pairwise Root-mean-square deviation (RMSD, in 
Å) in PyMOL [106] and Chimera [107], respectively.  
The small subunit is highly dynamic having the largest displacements of the two 
ribosomal subunits (Figure 26). This includes, the interface region of the small subunit head. In 
contrast the large subunit has displacements restricted to only a few Ångstroms (Figure 27). The 
largest displacements (>4Å) in the large subunit are elements of the central protuberance, Helix 





Figure 26. Root-mean-square deviation (RMSD) of the small subunit (SSU). Interface View (A) Ribbon diagram 
of the nonrotated small subunit (b, beak; Pf, platform) (B) Ribbon diagram of the rotated small subunit (C) Overlay 
of the two conformational states (D) Worm ribbon diagram of the small subunit colored by pairwise root-mean-







Figure 27. Root-mean-square deviation (RMSD) of the large subunit (LSU). Interface View (A) Ribbon diagram 
of the nonrotated large subunit (B) Ribbon diagram of the rotated large subunit (C) Overlay of the two 
conformational states (D) Worm ribbon diagram of the large subunit colored by pairwise root-mean-square 






4.3 Dynamic elements of the fragmented naked mole-rat large ribosomal subunit 
The central protuberance, the A-site finger, and H69 all form contacts termed intersubunit 
bridges with the small subunit that are rearranged and/or broken/reformed during translation. 
These intersubunit bridges keep the ribosomal subunits in proper register and facilitate precise 
global conformational rearrangements of the ribosome which are required for tRNA-mRNA 
movement (translocation).  
Components of the central protuberance and the A-site finger form contacts with the 
highly dynamic head of the small subunit. The central protuberance is composed of the 5S rRNA 
sandwiched between r-protein uL18 on the solvent side of the large subunit and uL5 together 
with H84 on the interior region (interface). R-protein uL5 forms the B1b/c bridge with the small 
subunit r-protein, uS13. R-protein uL5 contacts the elbow of hybrid (A/P) tRNA in the rotated 
state of the ribosome.  
The A-site finger is located adjacent to uL5 and is a long rRNA helix (H38) reaching 
from the base of the CP into the intersubunit space. The A-site finger forms the B1a intersubunit 
bridge with the small subunit r-protein, uS19. Interestingly, the C-terminal end of uS19 extends 
towards the decoding center of the small subunit, thus linking the A-site finger to the decoding 
center. During translation elongation, bridge B1a remains intact in the nonrotated state. 
However, when ribosome becomes fully rotated, the A-site finger and uS19 separate, breaking 
this bridge. This facilitates translocation, allowing the elbow of an A-site tRNA to reach its P-
site position on the large subunit. Our structures show the naked mole-rat similarly has an intact 
and a broken bridge in the nonrotated state and rotated states, respectively.  
Helix 69 (H69) contacts helix 44 (h44) of the small subunit, forming the B2a intersubunit 
bridge next to the decoding center of the small subunit. H69 also interacts with both A and P site 
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tRNAs during translation, suggesting a role in tRNA translocation [108]. Another dynamic 
region in the large subunit is the GTPase associated center (GAC) formed by helices 43-44 and 
linked to the main body of the large subunit by H42. However, the GAC is highly dynamic and 
only weakly resolved in our cryo-EM densities. 
 
 
Figure 28. Root-mean-square deviation (RMSD) of Central Protuberance and A-site finger. (A) Ribbon 
diagram of the rotated state (B) Ribbon diagram of the nonrotated state (C) Overlay of the two conformational states 
(D) Worm ribbon diagram (only rRNA is shown for clarity) colored by pairwise root-mean-square deviation 




Figure 29. Root-mean-square deviation (RMSD) of the A-site finger (ASF), GTPase Associated Center 
(GAC), and H69. (A) Ribbon diagram of the rotated state (B) Ribbon diagram of the nonrotated state (C) Overlay 
of the two conformational states (D) Worm ribbon diagram (only rRNA is shown for clarity) colored by pairwise 
root-mean-square deviation displacement of the two conformational states.  
 
4.4 Discussion 
By using cryo-EM and the tools of 3D classification we identified dynamic elements of 
the fragmented naked mole-rat large subunit (60S) in our sample, primarily related to the 
functional dynamics of intersubunit rotation and small subunit (40S) head swiveling. Regions 
having high flexibility become blurred or even invisible in the reconstruction.  Dynamic 
elements were spotted by identifying faded out or missing density in part of the naked mole-rat 
structure compared to the control, the guinea pig structure. The extended internal loop of ES10L 
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and a C-terminal portion of r-protein, eL29 is missing in the density map which may correspond 
to highly flexible parts of the naked mole-rat ribosome (Chapter 3). These elements are found 
among a cluster of ESs located in the top of the particle that extend towards the interface region 
of the two ribosomal subunits (Figure 30). Further ES15L in the naked mole-rat is fragmented, 
resulting in a shortened ES15L which no longer interacts with the terminal loop of H30 from 
ES9L. In an attempt to reveal a possible role for the 28S rRNA fragmentation and these observed 
differences in the naked mole-rat ribosome density we aligned non-rotated and rotated models of 
the naked mole-rat ribosome to the large subunit and proceeded to calculate the root-mean-
squared deviation (RMSD) between the two structures. Dynamic elements in the naked mole-rat 
large subunit include the central protuberance, the A-site finger, H69, and the GTPase associated 
center. These elements have been previously described in the literature to be dynamic throughout 
translational processes such as translocation [90-105]. Of these the central protuberance and A-
site finger are adjacent to structural features that are different among the three rodents compared 




Figure 30. The naked mole-rat nonrotated 80S ribosome. Network of ESs and r-protein eL29 which starts from 
the top of the particle, near the fragmentation site, and extends to the A-site finger and central protuberance. Small 
subunit r-proteins uS13 and uS19 form intersubunit bridges B1a and B1b/c with the A-site finger and uL5, 
respectively.  
  
As previously mentioned, the naked mole-rat has missing density corresponding to an 
extended internal loop of ES10L. This density of ES10L extends towards the surface and 
contacts ES9L and ES12L in the guinea pig ribosome. ES12L which emerges from the base of 
H38 or the A-site finger also contacts the 5S rRNA (a major component of the central 
protuberance). Conceivably dynamic differences in ES10L observed in the density may affect 
the dynamics of nearby components of the central protuberance and the A-site finger.  
Another missing density in the naked mole-rat ribosome corresponds to a C-terminal 
portion of eL29. In all three rodents compared, the N-terminal of eL29 is found in the rRNA 
core, in the vicinity of the peptidyl transferase center; it then tethers to the solvent side and is 
found sandwiched between ES12L and ES9L. However in the guinea pig and tuco-tuco 
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ribosomes, a density for the C-terminal portion of eL29 extends out towards the distal r-protein, 
uL30 and ES7L. This density of eL29 stacks against the N-terminal end of uL30 and seemingly 
stabilizes the peripheral rRNA segment, ES7L (helix c). ES7L (helix b) is also found above the 
GTPase associated center, which was noted as another mobile element during translation.  
Altogether, these rRNA expansion segments seem to form a network starting from the top 
of the particle and extend into the vicinity of mobile elements (the A-site finger, central 
protuberance, and the GTPase associated center) which interact with tRNAs and translational 
factors. Further, ES10L and ES12L are insertions to the base of the A-site finger and thus are 
closely linked to the dynamic behavior of the A-site finger. Conceivably the fragmentation and 
differences found among ES10L, ES12L, ES7L may alter the dynamics and/or function of the A-
site finger.   
The role of the A-site finger has been investigated in several biochemical studies [109-
114]. Mutations in Escherichia coli resulting in ribosomes with truncated A-site finger, thus a 
severed B1a bridge, resulted in acceleration of mRNA-tRNA translocation but also enhanced 
frameshift activity [112]. Thus, it appears the A-site finger performs complex fine-tuning of the 
ribosomal activity [112]. Another study performed mutations on the A-site finger which affected 
formation of the B1a bridge or A-site tRNA interactions [113]; these mutations caused increased 
ribosomal affinity for the A-site tRNA and had variable effects on A-site-specific drugs and on 
the suppression of nonsense codons. The authors also observed that these mutations induced 
structural changes that propagate into distant rRNA regions. Thus they proposed the B1a bridge 
may be involved in fine-tuning of ribosomal activity and also may function as part of an 
allosteric communication pathway between the large and small subunits. Mutational studies 
deleting individual intersubunit bridges (B1a, B4, B7a, and B8) involved in constraining head 
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movement (B1a) and intersubunit rotation (B4, B7a, B8) also resulted in the acceleration of the 
maximal rate of translocation [115] . Altogether this reinforces the view of the B1a bridge as a 
fine-tuning translational control element. The structural differences to insertions of the A-site 
finger and adjacent regions among the three rodent structures compared in our study may result 
in an altered (species-specific) fine-tuning mechanism. This could explain the higher 
translational fidelity observed in the naked mole-rat and tuco-tuco compared to other rodents 
such as guinea pig and mouse, although the detailed mechanism by which this might be 
accomplished cannot be ascertained from our study.  
RMSD measurements of the nonrotated and rotated states of the naked mole-rat ribosome 
revealed dynamic elements, related by intersubunit rotation and/or head swiveling seen in our 
dataset. Accordingly, the tip of the A-site finger (forming one side of the B1a bridge) is dynamic 
and so are components of the central protuberance including the 5S rRNA, uL18 and uL5. 
Further ES10L, ES12L, ES7L, and r-protein eL29, which have altered structures and/or 
interactions among the three rodent ribosomes are also similarly mobile. This suggests 
communication may occur among these elements of the large subunit. This also supports the 
notion that these ESs may regulate functions of the A-site finger and central protuberance, such 





The naked mole-rat dataset was further processed using RELION 3.0 [116]. A map of the 
intersubunit space, including ligands (tRNAs and EF-G) was made from PDB 4WPO [117] using 
the molmap feature in chimera. A mask of the intersubunit space was then prepared in RELION 
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and used for further 3D classification on the previously identified (Chapter 3) nonrotated and 
rotated ribosomes harboring E/E tRNA and P/E tRNA, respectively. Typically, in 3D 
classifications a regularization parameter of T=4 is used; however, higher values (10-40) are 
required in focused classification of a smaller subregion.  A higher T value will more heavily 
weigh the data during assignment of orientations and classification. Classification of our dataset 
was optimized with a T value of 8.  Following focused classification, a subclass of nonrotated 
ribosomes with E/E tRNA was re-refined and re-classified to establish a homogenous class. The 
rotated class was similarly further processed. Following, focused classification of the 
intersubunit space, a subclass having two tRNAs (P/E and A/P) was identified (Figure 31). 
Standard post-processing in RELION yielded a global resolution estimate of 3.3 Å and 3.5 Å for 
nonrotated (E/E tRNA) and rotated (P/E and A/P) conformational states of the naked mole-rat 
ribosome, respectively (Figure 32).   
 
 
Figure 31. Focused 3D Classification on rotated 80S ribosome. A subclass harboring two tRNAs (P/E and A/P) 





Figure 32. Naked mole-rat 80S nonrotated and rotated ribosomes. (A) Nonrotated map from RELION 
Refinement (B) Rotated map from RELION Refinement (C) Postprocess nonrotated map (D) Postprocess rotated 
map (E) Global resolution estimate for the nonrotated map (F) Global resolution estimate for the rotated map. 
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Modeling of the naked mole-rat 80S ribosome 
The previously modelled large subunit (60S) of the naked mole-rat (Chapter 3) was 
refined against the maps of nonrotated and rotated conformational states of the ribosome in 
PHENIX [83]. The small subunit (40S) was then built using the rabbit PDB 5LZS [77]  as an 
initial starting point. Sequences were obtained from the National Center for Biotechnology 
Information protein databases (www.ncbi.nlm.nih.gov) and RNAcentral (https://rnacentral.org/) 
for the proteins and rRNA of the naked mole-rat, respectively. The proteins and rRNA were 
computationally mutated to match their sequences and manually adjusted to the fit the density 
map in Coot [82]. The high-resolution density map and the base-pairing principle allowed us to 
identify r-protein side-chains and nucleotide bases, respectively. This small subunit (40S) model 
was refined against the maps for nonrotated and rotated conformational states of the ribosome by 
real-space refinement (phenix.real_space_refine) [83]. The independently refined models of the 
ribosomal subunits were than merged and re-refined into the naked mole-rat 80S cryo-EM 
densities. Ligands (E/E and P/E configured tRNAs) were then subsequently modelled. The 80S 
models with ligands was then re-refined into the cryo-EM densities. The A/P tRNA remains to 
be modelled in the rotated state of the ribosome. The two conformational states of the ribosome 
underwent further altering rounds of manual model adjustment using COOT and model 
refinement in PHENIX. The models have been evaluated using MolProbity [118].  
 
Parameter Nonrotated 80S Rotated 80S 
All-atom Clashscore 8.5% 12% 
Ramachandran plot (Below) (Below) 
Outliers 2.5% 3.2% 
Allowed 5.6% 9.6% 
Favored 93.3  % 90.4% 
 




Figure 34. Naked mole-rat 80S ribosomes. (A) Nonrotated 80S model (B) Rotated 80S model (C) Overlay of E/E 
and E/P configured tRNA from the two conformational states, fitted to the large ribosomal subunit (60S) (D) High-
resolution features (red box) of the large subunit (60S), RMSD 5 (E) High-resolution features (black box) of the 





Chapter 5: Structure and assembly model for the Trypanosoma cruzi 
60S ribosomal subunit 
 
 
This chapter reproduces a paper published in Proceedings of the National Academy of Sciences 
(PNAS) by Zheng Liu, Cristina Gutierrez-Vargas, Jia Wei, Robert A. Grassucci, Madhumitha 
Ramesh, Noel Espina, Ming Sun, Beril Tutuncuoglu, Susan Madison-Antenucci, John L. 
Woolford, Liang Tong, and Joachim Frank. My contributions to the project were the purification 
of the T.cruzi ribosome, structural analysis and interpretation, making figures and tables, as well 
















































































Chapter 6: Determination of the ribosome structure to a resolution 
of 2.5 Å by single-particle cryo-EM 
 
This chapter reproduces a review article published in Protein Science by Zheng Liu, Cristina 
Gutierrez-Vargas, Jia Wei, Robert A. Grassucci, Ming Sun, Noel Espina, Susan Madison-
Antenucci, Liang Tong, and Joachim Frank. My contributions were coauthoring the manuscript 
to provide an overview on the methods utilized to achieve high-resolution of the Trypanosoma 































Chapter 7: New insights into Ribosome Structure and Function 
 
 
This chapter reproduces the manuscript of a book chapter I coauthored with Amy Jobe, Zheng 
Liu, and Joachim Frank. In particular, my contribution was writing the Parasitic Protozoan 
subsection. This chapter provides an overview of ribosome structure and function with an 
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